The ATLAS detector at the LHC is used to search for excited electrons and excited muons in the channel pp → ℓℓ * → ℓℓγ, assuming that excited leptons are produced via contact interactions. The analysis is based on 13 fb −1 of pp collisions at a centre-of-mass energy of 8 TeV. No evidence for excited leptons is found, and a limit is set at the 95% credibility level on the cross section times branching ratio as a function of the excited-lepton mass m ℓ * . For m ℓ * ≥ 0.8 TeV, the respective upper limits on σB(ℓ * → ℓγ) are 0.75 fb and 0.90 fb for the e * and µ * searches. Limits on σB are converted into lower bounds on the compositeness scale Λ. In the special case where Λ = m ℓ * , excited-electron and excited-muon masses below 2.2 TeV are excluded.
Introduction
Although the Standard Model (SM) of particle physics is very successful at describing a large range of phenomena, it does not provide an explanation for the generational structure and mass hierarchy of quarks and leptons. Fermion compositeness models [1] [2] [3] [4] [5] [6] aim at reducing the number of fundamental matter constituents by describing SM fermions as bound states of more-elementary particles. The existence of excited states would then be a direct consequence of the fermion substructure. This paper reports on searches for excited electrons (e * ) and excited muons (µ * ) using 13 fb −1 of pp collision data at a centre-of-mass energy of √ s = 8 TeV recorded in 2012 with the ATLAS detector at the Large Hadron Collider (LHC). Searches are based on a benchmark model [6] that describes excited-fermion interactions using an effective Lagrangian. Excited leptons (ℓ * ) would be predominantly produced via four-fermion contact interactions, and are expected to decay into a lepton and a gauge boson, or a lepton and a pair of fermions. All unknown couplings of the model are set as in [6] . The contact interaction is then described by the Lagrangian
where Λ is the compositeness scale, j µ is the fermion current for ground states (f ) and excited states (f * ), and "h.c." stands for Hermitian conjugate. The gauge-mediated decays are given by the Lagrangian
where ℓ and ℓ * are the lepton and excited-lepton fields, respectively, W µν and B µν are the SU(2) L and U(1) Y field-strength tensors, and g and g ′ are the corresponding gauge couplings. The searches described here focus on the single-production mechanism (qq → ℓ * ± ℓ ∓ ) and the electromagnetic radiative decay mode ℓ * → ℓγ. The signature thus consists of events containing two same-flavour, opposite-charge leptons and a photon (ℓ + ℓ − γ final state). The kinematic properties of the signal are determined by the excited-lepton mass (m ℓ * ) and the compositeness scale (Λ). Due to unitarity constraints on contact interactions [6, 7] , the model does not apply in the regime m ℓ * > Λ. For most of the parameter space, the presence of excited leptons would appear as a peak in the lepton-photon mass spectrum. However, for m ℓ * ≃ Λ, the width of the resonance can become significantly larger than the experimental mass resolution of the detector. To avoid this complication as well as the lepton-photon pairing ambiguity, a search is performed for an excess in the ℓℓγ invariant mass (m ℓℓγ ) spectrum.
Previous searches at LEP [8] [9] [10] [11] , HERA [12, 13] and the Tevatron [14] [15] [16] [17] have found no evidence for excited leptons. For the case where m ℓ * = Λ, e * and µ * masses below 1.9 TeV have been excluded by both the ATLAS [18] and CMS [19] experiments using √ s = 7 TeV data.
ATLAS detector
The ATLAS detector [20] consists of an inner tracking system surrounded by a superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer. It has a forward-backward symmetric cylindrical geometry † and nearly 4π coverage in solid angle. Charged-particle tracks and vertices are reconstructed in silicon-based pixel and microstrip tracking detectors that cover |η| < 2.5 and transition radiation detectors extending to |η| < 2.0. A hermetic calorimeter system, which covers |η| < 4.9, surrounds the solenoid. The liquid-argon electromagnetic calorimeter, which plays an important role in electron and photon identification and measurement, is finely segmented for |η| < 2.5 to provide excellent energy and position resolution. Hadron calorimetry is provided by an iron-scintillator tile calorimeter in the central pseudorapidity range |η| < 1.7 and a liquid-argon calorimeter with copper or tungsten as absorber material in the pseudorapidity range 1.5 < |η| < 4.9. A spectrometer is installed outside the calorimeter to identify muons and measure their momenta with high precision. The toroidal magnetic field of the muon spectrometer is provided by three air-core superconducting magnet systems: one for the barrel and one per endcap, each composed of eight coils. Three layers of drift-tube chambers and/or cathode-strip chambers provide precise coordinate measurement in the bending plane (r-z) in the region |η| < 2.7. A system consisting of resistive-plate chambers for |η| < 1.05 and
The generated samples are processed using a detailed detector simulation [36] based on Geant4 [37] to propagate the particles and account for the detector response. Monte Carlo (MC) minimum-bias events are overlaid on both the signal and background processes to simulate the effect of additional pp collisions (pile-up). Simulated events are weighted so that the distribution of the expected number of interactions per event agrees with the data, with an average of 20 interactions per bunch crossing.
Data and selection
The data were collected between April and October 2012 during stable-beam periods of √ s = 8 TeV pp collisions, and correspond to an integrated luminosity of 13.0 fb
for the electron channel and 12.8 fb −1 for the muon channel [38] . For the e * search, a trigger relying only on calorimetric information is used to select events. It requires two electromagnetic clusters with transverse momentum (p T ) thresholds of 35 GeV and 25 GeV for the leading and subleading clusters, respectively, with loose shower-shape requirements aiming to select electrons and photons. For the µ * search, a single-muon trigger is used. It requires a track to be reconstructed in both the muon spectrometer and the inner detector with a combined track p T > 24 GeV.
Offline, events are selected if they contain at least two lepton candidates and a photon candidate. A primary vertex with at least three associated charged-particle tracks with p T > 0.4 GeV is also required. If several vertices fulfill this requirement, the vertex with the largest Σp 2 T is selected, where the sum is over all reconstructed tracks associated with the vertex.
Each electron candidate is formed from a cluster of cells in the electromagnetic calorimeter associated with a charged-particle track in the inner detector. For the e * search, two electron candidates are required. Their transverse momentum (p e T ) must satisfy p e T > 40 GeV (30 GeV) for the leading (subleading) electron. Both electrons must be reconstructed within the range |η| < 2.47 and not in the transition region 1.37 < |η| < 1.52 between the barrel and endcap calorimeters. The ATLAS medium electron identification criteria [39] for the transverse shower shape, the longitudinal leakage into the hadronic calorimeter, and the association with an inner-detector track are applied to the cluster. The electron energy is obtained from the calorimeter measurement, and its direction is given by the associated track. A hit in the innermost layer of the pixel detector is required (if an active pixel layer is traversed) to suppress background from photon conversions. To suppress background from jets, the highest-p T electron is required to be isolated by demanding that the sum of the transverse energies in the cells around the electron direction in a cone of radius ∆R = 0.2 be less than 7 GeV. The core of the electron energy deposition is excluded and the sum is corrected for transverse shower leakage and pile-up from additional pp collisions to make the isolation variable essentially independent of p e T . The electron trigger and reconstruction efficiencies are evaluated using tag-and-probe techniques with Z → ee events [39] for data and MC simulation. Correction factors are extracted in several η × p e T bins and applied to the simulation. In cases where more than two electrons are found to satisfy the above requirements, the pair with the largest invariant mass is chosen. No requirement is applied to the electric charge of the electrons, as it could induce an inefficiency in the signal selection for high-p T electrons due to charge misidentification.
Each muon candidate has to be reconstructed independently in both the inner detector and the muon spectrometer. Its momentum is determined from a combined fit to these two measurements. For the µ * search, two muon candidates with a transverse momentum (p µ T ) above 25 GeV are required. Both muons must have a minimum number of hits in the inner detector and hits in each of the inner, middle, and outer layers of the muon spectrometer. This requirement, which restricts the muon acceptance to |η| < 2.5, guarantees a precise momentum measurement. Muons with hits in the barrel-endcap overlap regions of the muon spectrometer (1.05 |η| 1.4) are discarded because of the limited coverage with drift-tube chambers in this angular range. To suppress background from cosmic rays, the muon tracks are required to have transverse and longitudinal impact parameters |d 0 | < 0.2 mm and |z 0 | < 1 mm with respect to the selected primary vertex. To reduce background from heavy-flavour hadrons, each muon is required to be isolated such that Σp T /p µ T < 5%, where the sum is over inner-detector tracks with p T > 1 GeV that are contained in a cone of radius ∆R = 0.3 surrounding the candidate muon track, the latter being excluded from the sum. The muon trigger and reconstruction efficiencies are evaluated using tag-and-probe techniques with Z → µµ events [40] , and η-dependent corrections to be applied to the simulation are determined. The two muons are additionally required to have opposite electric charge. In cases where more than one pair of muons are found to satisfy the above requirements, the pair with the largest invariant mass is considered.
Each photon candidate is formed from a cluster of cells in the electromagnetic calorimeter. A photon can be reconstructed either as an unconverted photon, with no associated track, or as a photon that converted to an electron-positron pair, associated with one or two tracks. The presence of at least one photon candidate with p γ T > 30 GeV and |η| < 2.37 is required in both channels. As for electrons, photons within the transition region between the barrel and endcap calorimeters are excluded. Photon candidates are required to satisfy the ATLAS tight photon definition [41] . This selection includes constraints on the energy leakage into the hadronic calorimeter as well as stringent requirements on the energy distribution in the first and second sampling layers of the electromagnetic calorimeter. These requirements increase the purity of the selected photon sample by rejecting most of the jet background, including jets with a leading neutral hadron (usually a π 0 ) that decays into a pair of collimated photons. The photon-identification efficiency and shower shapes in the electromagnetic calorimeter are studied using FSR photons from Z boson decays with loose lepton-photon separation requirements. Shower shapes are then adjusted in the simulation so that the resulting photon-identification efficiency matches the efficiency measured in data [42] .
To further reduce background from misidentified jets, photon candidates are required to be isolated by demanding that either E iso T < 10 GeV or E iso T /p γ T < 1%, where E iso T is the sum of the transverse energies of the clusters within a cone of radius ∆R = 0.4 surrounding the photon. As for the electron isolation, the clusters from the photon energy deposition are excluded and the sum is corrected for transverse shower leakage and pile-up. The relative-isolation criterion reduces the efficiency loss for high-p T photons (p γ T > 1 TeV). Since the photon and the leptons are expected to be well separated for the excited-lepton signal, only photons satisfying ∆R(ℓ, γ) > 0.7 are retained. This requirement is effective at suppressing Drell-Yan events with FSR photons that are typically highly collimated with the leptons. If more than one photon candidate in an event satisfies the above requirements, the one with the largest p T is used in the search.
Finally, two additional requirements are applied to drastically reduce the background level. The first one, referred to as the "Z veto" in the following, requires the dilepton mass to satisfy m ℓℓ > 110 GeV. The second is a variable lower bound on the dilepton-photon mass that defines the signal search region. As a result of optimization studies, the signal region for m ℓ * < 900 GeV is m ℓℓγ > m ℓ * + 150 GeV. For m ℓ * ≥ 900 GeV, it is fixed to m ℓℓγ > 1050 GeV. The signal efficiency for these two requirements is above 98% for m ℓ * ≥ 200 GeV.
The total signal acceptance times efficiency (A×ǫ) is shown in figure 1 as a function of the excited-lepton mass. For low values of m ℓ * , the photon and the leptons tend to be produced more forward and have a softer p T spectrum than at high mass, which explains the decrease in A × ǫ. The lower geometrical acceptance in the muon channel is due to the requirement of hits in all three layers of precision chambers.
Background determination
Most of the background predictions are estimated with MC samples normalized with calculated cross sections and the measured integrated luminosity of the data. Because the misidentification of jets as photons is not accurately modelled in the simulation, the Z + jets background is instead normalized to the data using a control region defined as 70 < m ℓℓ < 110 GeV, where the contribution from signal events is at most 3% for m ℓ * ≥ 200 GeV. In this control region, the number of Z + jets events is estimated by subtracting from the data all simulated backgrounds except Z + jets. The normalization of the Z + jets MC sample is corrected accordingly by a scale factor, separately determined to be 0.53 ± 0.10 for both the electron and muon channels. The quoted uncertainty combines the statistical uncertainties on the data and simulated backgrounds and the uncertainty on the Z +γ cross section. Other sources of uncertainty including the integrated luminosity and the cross sections of the tt and diboson processes are negligible. Scale factors were evaluated in different p γ T bins, and results are consistent within statistical uncertainties.
In the electron channel, the W + γ + jets background is also normalized to the data because of the imperfect modelling of the jet-to-electron fake rate. For this background only, the identification criteria were relaxed for one electron to increase the MC statistics. The W +γ+jets normalization is derived using a likelihood template fit to the data, in the same control region as for Z + jets. The fit is simultaneously performed on transverse mass distributions m T (e 1 , E miss T ) and m T (e 2 , E miss T ), where E miss T denotes the magnitude of the missing transverse momentum, which is calculated [43] from calorimeter cells with |η| < 4.9 using the local energy calibration of electrons, photons, hadronically-decaying τ -leptons and jets. Cells belonging to clusters not associated with such reconstructed objects as well as cells associated with a muon candidate are also included. The transverse mass is m T (e i , E T ) and the missing transverse momentum. The only floating parameter in the fit is the scale factor of the W + γ + jets background, which is found to be 0.22
−0.22 (stat ⊕ syst). Systematic uncertainties account for correlations between the two m T variables, the choice of control region in which the fit is performed, the loosening of the electron identification criteria, and the dependence on the Z + jets scale factor.
The numbers of events in the control region (70 < m ℓℓ < 110 GeV) and the numbers after the Z veto (m ℓℓ > 110 GeV) are shown in table 1 after scaling the Z + jets background, as well as the W + γ + jets background in the electron channel. In the control region, by construction, the total background is equal to the number of events in data. After the Z veto, the observed data are found to be consistent with the background prediction. Good agreement is also observed between data and background in the control region for the lepton and photon kinematic distributions. In particular, figure 2 shows that the background prediction for the photon p T distribution matches the data for both the e * and µ * searches. Because only a small fraction of the simulated background events survive the m ℓℓ > 110 GeV requirement, the m ℓℓγ distributions of dominant backgrounds are separately fitted with an exponential function and extrapolated to the high-mass region. The binned results of these fits are used as final background estimates in the statistical analysis. The same operation is performed for the m ℓγ distribution of each background, although in this case, the fit results are not used in any numerical analysis. The resulting background estimates are shown in figures 3 and 4 as functions of the invariant mass of the ℓγ and ℓℓγ systems, respectively. For table 1 and figures 2-4, the lower bound on m ℓℓγ described in section 4 is not applied. 
Systematic uncertainties
The most important sources of uncertainty are discussed below and summarized in table 2. A large part of the background uncertainty comes from the Z + γ crosssection calculation. It includes the renormalization and factorization scale uncertainties, obtained by varying independently each scale by a factor of two, as well as uncertainties in the PDFs and the strong coupling constant α s . These uncertainties are evaluated by generating Z + γ Sherpa samples for the 52 CT10 eigenvector PDF sets, the four CT10.AS PDF sets corresponding to α s = 0.116, 0.117, 0.119, 0.120, and the four combinations of scales. For m ℓℓγ > 350 GeV (m ℓℓγ > 1050 GeV), the resulting uncertainty is +25% −16% +32% −18% for both channels. Cross-section uncertainties for the tt and diboson processes have a negligible impact on the total background uncertainty.
The statistical uncertainties associated with the m ℓℓγ fits contribute to the background uncertainty at a comparable level at low mass, and become increasingly important at high mass. The sum in quadrature of fit uncertainties, including uncertainties on data-driven scale factors for the relevant backgrounds, increases from about ±20% for m ℓℓγ > 350 GeV in both channels to
for m ℓℓγ > 1050 GeV in the e * (µ * ) search. The main contributions come from the Z + γ and Z + jets backgrounds, as well as the W + γ + jets background in the electron channel.
Experimental systematic uncertainties that affect both the signal and background yields include the uncertainty on the luminosity measurement and uncertainties in particle reconstruction and identification as described below.
The uncertainty on the integrated luminosity is 2.8%. It is based on a preliminary calibration of the luminosity scale derived from beam-separation scans [38] performed in November 2012.
The total uncertainty on the photon reconstruction and identification efficiencies is 4% [42] . The combination of uncertainties on the electron trigger, reconstruction, identification and isolation efficiencies results in a 2% uncertainty on both the signal efficiency and background level. The combined uncertainty on the trigger, reconstruction and identification efficiencies for muons is estimated to increase linearly as a function of m ℓ * to about 2% for m ℓ * = 2 TeV. This uncertainty is dominated by the impact of large energy loss from muon bremsstrahlung in the calorimeter. The sum in quadrature of the lepton and photon uncertainties for the lowest m ℓℓγ threshold is shown in table 2. Uncertainties on the energy scale and resolution for final-state objects have a negligible effect on signal and background selection efficiencies.
The impact of the ℓ * decay width on the signal selection efficiency was also investigated. The decay width is computed with formulas given in [6] . It increases with m ℓ * and decreases with Λ, and over the Λ-m ℓ * region accessible in these searches, it ranges from ≃ 1 MeV to ≃ 200 GeV. Signal efficiencies were computed at the generator level for different values of Λ, and efficiency variations were observed to be at most 1%, which is negligible compared to the other uncertainties in the selection efficiency. 
Results
The m ℓℓγ distributions are shown in figure 4 for the data, the expected backgrounds, and three signal predictions. The expected and observed numbers of events in each of the search regions, used for the statistical analysis, are shown in tables 3 and 4 for the electron and muon channels, respectively. The uncertainties include both the statistical and systematic contributions as described earlier. The data are consistent with the background expectation, and no significant excess is observed in the signal region. An upper limit on the cross section times branching ratio σ(pp → ℓℓ * )×B(ℓ * → ℓγ) is determined for each channel and each m ℓ * hypothesis at the 95% credibility level (CL) using a Bayesian approach [44] with a flat positive prior for σB. Systematic uncertainties are incorporated into the limit calculation as nuisance parameters with Gaussian priors. Uncertainties in particle reconstruction and identification efficiencies as well as the uncertainty on the luminosity are fully correlated between signal and backgrounds. All other uncertainties are uncorrelated. The expected limit is evaluated as the median of the upper-limit distribution obtained with a set of background-only pseudo-experiments. Figure 5 shows the 95% CL expected and observed limits on σB for the e * and µ * searches. For m ℓ * ≥ 800 GeV, the observed upper limits are 0.75 fb and 0.90 fb for the electron and muon channels, respectively. The sensitivity to the prior for σB was studied using a reference prior [45] , resulting in 20-25% better limits for both channels. Theoretical predictions of σB for three different values of Λ are also displayed in figure 5 , along with the uncertainties from renormalization and factorization scales and PDFs. These uncertainties are shown for illustrative purpose only and are not used when setting limits.
For each m ℓ * hypothesis, the limit on σB is then translated into a lower bound on the compositeness scale. This bound corresponds to the value of Λ for which the theoretical prediction σB(m ℓ * , Λ) is equal to the upper limit on σB. The excluded region in the Λ-m ℓ * plane is shown in figure 6 for both the e * and µ * searches. For m ℓ * = Λ, excited-electron and excited-muon masses are both excluded at 95% CL up to 2.2 TeV. The limits obtained with √ s = 7 TeV data by ATLAS [18] and CMS [19] are also shown. 
Conclusions
The results of a search for excited electrons and excited muons with the ATLAS detector at the LHC are reported, using a sample of √ s = 8 TeV pp collisions corresponding to an integrated luminosity of 13 fb −1 . The observed data are consistent with SM background expectations. An upper limit is set at 95% CL on the cross section times branching ratio σB(ℓ * → ℓγ) as a function of the excited-lepton mass. For m ℓ * ≥ 0.8 TeV, the respective limits on σB are 0.75 fb and 0.90 fb for the e * and µ * searches. These upper limits are converted into lower bounds on the compositeness scale Λ. In the special case where Λ = m ℓ * , excited-electron and excited-muon masses below 2. 
